Abstract-High-order mode oscillation occurred in an S-band experimental klystron with 300 MHz instantaneous bandwidth. The cause of the oscillation was analyzed and simulated. A method was proposed to suppress the oscillation through adjusting the structure and size of a resonant cavity in the tube, in which the high-order mode frequency can obviously be changed and the variation of the fundamental mode frequency is very small. Improved designs for the resonant cavity with Ansoft HFSS code and corresponding experiment have been performed, which shows that the simulation results are in good agreement with the experimental measurements. The testing result of an experimental klystron with this improved resonant cavity indicates that the high-order mode oscillation can effectively be suppressed.
I. INTRODUCTION
H IGH-POWER and broadband klystron is an important microwave power source for advanced radar and communication [1] - [3] . Usually, staggered tuning is used in the klystron to obtain wide bandwidth, and the designed resonant frequency of some cavities may be higher than that of the input signal for enhancing beam-wave conversion efficiency. If a certain high-order mode in any cavity satisfies the phase condition of oscillation and its corresponding Q factor is adequate large, its oscillation may occur in the klystron operational process. The high-order mode oscillation will badly affect the stability of the klystron operation. Broadband klystrons have much more possibility to experience the oscillation problem than narrow bandwidth klystrons [4] , [5] . To keep the stability of the klystron operation, some methods are used to suppress the oscillation, such as loading microwave attenuating materials for decreasing the Q ext of the cavities [6] , [7] , adjusting the focusing magnetic field for lowering the intensity of the oscillation, in which the beam-wave interaction efficiency and output power will obviously drop, and adding an external absorption cavity on the resonant cavity with the high-order mode oscillation to suppress the oscillation [8] , in which the structure will become very complicated. In this paper, a new way has been proposed for eliminating the oscillation appearing in our experimental klystron, in which, through changing the design of the structure and size of the cavity, the resonant frequency of the high-order mode can be moved out of the operational frequency band, the variation of the resonant frequency for the operational mode is very small. This design can keep the stability of the klystron operation with little effect on its output power and operational frequency band.
II. OSCILLATION PHENOMENON IN EXPERIMENTS
An experimental klystron, developed in the Institute of Electronics, Chinese Academy of Sciences, was ever tested. The testing found that when the frequency of the input RF signal was 2.79 GHz, the output pulse waveform of the detected klystron on the oscilloscope dithered, and the amplitude of the pulse rear end was obviously lower than that of the pulse foreside. At the same time, the measured RF output power sharply dropped for the klystron and vacuum became worse in it. The vacuum deterioration leads to increase in the ion current. As its value becomes bigger than the rating value, the high voltage applied on the klystron will be cut down. As can be observed from Fig. 1(a) , the output spectrum was not pure and the noisy signal was amplified. In addition, a 5.58-GHz signal, whose frequency is the same as the second harmonic frequency of the input signal, was also amplified and the amplitude of its output spectrum line was almost as high as that of the first harmonic on the spectrum analyzer. However, when the frequency of the input signal departed ±0.01 GHz from 2.79 GHz, the output power recovered the normal value and the spectrum also obtained obvious improvement [shown in Fig. 1(b) and (c) ].
In the experimental process, to weaken the intensity of the oscillation and instability, the focusing magnetic field was increased to make the beam become thin and rigid, which lowered the coupling coefficient of the interaction of the beam with the high-order mode. It can really weaken the oscillation and improve the stability to some extent. However, the output power of the operational mode evidently reduces in the whole operational frequency band, which cannot reach the design requirement for the practical applications.
It can be observed that in the experiment, the oscillation affects only a little frequency region in the whole operational frequency band. It has been proven that usually there are two methods to suppress the oscillation [9] : one can add an auxiliary absorption cavity whose frequency is same as that of the high-order mode to absorb the oscillation, and the other is to use microwave attenuating material in the cavity to attenuate the oscillation mode and have little effect on the operational mode. However, all the two methods must overthrow the executing design, and the overthrow is not sure to be able to solve the oscillation problem and reach the expected electric 0093-3813 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. characteristics in the operational frequency band for the klystron. Hence, one may expect to find a design method of the resonant cavity in which the resonant frequency of the high-order mode can be moved out of the operational frequency region, the effect of the design on the resonant frequency of the operational mode is very small, and this design of the cavity can match the structure of the original design for keeping good output electric characteristics of the klystron.
III. ANALYSIS OF THE OSCILLATION REASONS
When the frequency of the input signal is 2.79 GHz in the klystron operating process, the second harmonic of the operational mode is inevitable because of the nonlinear modulation in the beam-wave interaction. However, in most situations, the amplitude of the second harmonic signal is usually 30 dB less than that of the first harmonic signal at least. In addition, its existence does not usually affect the electric characteristics of the klystron because its frequency is out of the operational frequency band. Therefore, it may not be the reason of the generation for the klystron oscillation. If the resonant frequency of a certain high-order mode in the klystron cavities is at 5.58 GHz, this mode will modulate the electron beam and may cause in the output of the oscillation power, which will affect the stability of the operational mode, including the output power and spectrum. When the resonant frequency of the high-order mode is nearly same as the second harmonic frequency of the operational mode, the oscillation may be more serious, if their phases are correlative, the oscillation will further aggravate. This is because the intensive coupling has occurred between the high-order mode and the second harmonic bunching current of the beam modulated the operational mode. When the resonant frequency of the high-order mode is close to the second harmonic frequency of the operational mode, the high-order mode obtains enough energy from the bunched beam, the oscillation appears on the pulse rear end, and the energy exchange of the fundamental harmonic of the operational mode with the bunched beam is weakened. Hence, the energy of the high-order mode is amplified, that of the operational mode is lowered, RF pulse waveform is unstable, and the spectrum is shown in Fig. 1(a) . When the frequency of the input signal in the klystron operational process departs from 2.79 GHz, the spectrum analyzer can still display the existence of the spectrum line at 5.58 GHz, but its amplitude and the effect on operational mode obviously diminish, which demonstrates the important effect of the high-order mode oscillation frequency closing to the second harmonic frequency of the operational mode and the correlation of their phases on the stability of the klystron operation.
Usually, the broadband klystron consists of several reentrant cavities with different resonant frequencies and staggered tuning, and the adjacent cavities are connected with a drift tube to obtain a sufficiently large gain-bandwidth product. In each reentrant cavity of the klystron (Fig. 2) , the parameters affecting the resonant frequency are the cavity radius r , the cavity length h, the spacing of the drift tube gap d, and the inner and outer radii r 1 and r 2 , respectively. In general, microwave attenuating materials are loaded on the cavity wall for expanding broadband and suppressing the oscillation of the parasitical mode in the klystron development process. However, a certain cavity may not be loaded to obtain sufficiently large gain and reduce the number of the cavities, so the high-order mode oscillation still becomes possible if the design of the cavity is not appropriate. The cavities presented here all operate at fundamental mode TM 010 for the normal operation of the klystron, and its electric field distribution is shown in Fig. 3 . Besides the TM 010 mode, there are the other high-order modes, in turn including TM 011 , TM 110 , and so on [10] , [11] . The electric field distribution of the TM 011 mode is shown in Fig. 4 . In this klystron, there are an input cavity, two clustered cavities, four bunching cavities, and a double-gap output cavity (shown in Fig. 5) ; the first six cavities are loaded with microwave attenuating materials to expand the bunching bandwidth, the seventh cavity was not loaded to improve gain and efficiency, and the output cavity uses the double-gap coupling cavity to increase the output bandwidth. To demonstrate the analysis for the high-order mode oscillation discussed above, a cold sweep frequency testing was ever performed to the seventh cavity. The experiment finds that besides the TM 010 mode resonating at 3.138 GHz, another mode (TM 011 ) resonates exactly at 5.58 GHz and its Q factor is very high in the cavity, which may result in a large output amplitude of the TM 011 because of the strong coupling of electric field with electron beam. Hence, the resonant frequencies of the cavity are again calculated for different modes with Ansoft HFSS code to confirm the cold testing results, which shows that the calculation results for the resonant frequency are in good agreement with the cold testing results and the high-order mode is TM 011 (shown in Table II ).
In general, the second harmonic amplitude of the output signal is −30 dB lower than the fundamental amplitude because of the low coupling impedance of the beam with wave at its frequency far away from the fundamental frequency. When the resonant frequency of the TM 011 mode is at 5.58 GHz, its azimuthal and radial electric field distribution is same as that of the TM 010 mode. Even though the coupling impedance of the beam with the TM 011 mode is very small, the second harmonic of the TM 010 mode modulated beam at input frequency of 2.79 GHz can intensity the coupling of the TM 011 mode with the bunching current of the beam, and its wave energy is amplified enough to affect the fundamental output power of the TM 010 mode. Thus, the output signal of the amplified TM 011 mode may disturb the magnitude, spectrum, and stability of the output signal of the TM 010 mode at a frequency of 2.79 GHz. If the phase of the TM 011 mode is correlative with the second harmonic of the TM 010 mode, the disturbance may be more severe. Hence, when the second harmonic frequency of the input signal departs a little from the resonant frequency of the TM 011 mode, the phase of the TM 011 mode is not correlative with the second harmonic of the TM 010 mode, and the oscillation will sharply weaken and even vanish. This is the reason why the oscillation only affects a small frequency region.
IV. SIMULATION RESULTS AND IMPROVED EXPERIMENTS
To suppress the oscillation of the TM 011 mode and keep good output power and bandwidth of the klystron operating at the TM 010 mode, we try to only adjust some size of the cavity geometrical structure to make the resonant frequency of the TM 011 mode depart from the second harmonic frequency of the TM 010 mode to some extent and nearly not affect the resonant frequency for the operational mode TM 010 mode with Ansoft HFSS code simulation. The calculations find that, when h increases and r decreases in the cavity model (Fig. 2) at the same time according to a proper manner, the size variation has little influence on the frequency of the fundamental mode TM 010 , but has more influence on the frequency of the TM 011 mode. Hence, the sizes of h and r are optimized for keeping the frequency of the TM 010 mode at 3.137 GHz as invariable as possible and making the frequency of the TM 011 mode far away from 5.58 GHz in the calculating process with Ansoft HFSS code. The optimization process of the cavity shape is shown in Table I . The final results shown in Table II indicate that the resonant frequency of the TM 010 mode is only changed about 0.03%, but the frequency of the TM 011 mode is decreased about 3%. The sizes of the cavity are listed in Table III . In addition, the data in Table II show that the variations of the Q factor and R/Q cannot also produce an obvious effect on the coupling of beam with wave in the klystron.
According to the results of the theoretical analysis and computer simulation, two models based on the original and the improved cavity dimensions were manufactured and the Table II indicate that the cold testing data are very consistent with the simulation data with Ansoft HFSS code. For the TM 010 mode, the tested frequencies of the original and the improved structures were 3.138 and 3.137 GHz, respectively. For the TM 011 mode, the tested frequencies of the two structures were 5.580 and 5.419 GHz, respectively.
Based on the improved cavity, a new experimental klystron was manufactured. The measurements of the electric characteristics for the klystron were performed. The results show that, in the 300 MHz instantaneous bandwidth, the output power, gain, and efficiency have all reached the design requirement. There is no parasitical oscillation in the operational frequency band of the klystron. Its output spectrum at a frequency of 2.79 GHz testing on a spectrum analyzer is shown in Fig. 6 . 
V. CONCLUSION
In the testing process of an S-band broadband klystron, the second harmonic output spectrum detected is nearly same as that of the fundamental. Theoretical analysis and numerical simulations find that the resonant frequency of the high-order mode TM 011 in a cavity is the same as the second harmonic frequency of the operational mode TM 010 , which has enhanced the coupling of the TM 011 mode with the electron beam, causes an intensive oscillation of the TM 011 mode, and makes the spectrum characteristic of the experimental klystron bad. A method, through which some sizes of the cavity geometrical structure are adjusted to make the resonant frequency of the TM 011 mode depart from the second harmonic frequency of the TM 010 mode to some extent and nearly not affect the resonant frequency for the operational mode TM 010 mode with Ansoft HFSS code simulation, is used for improving the design and suppressing the oscillation, which can make the frequency of the TM 011 mode decrease by about 2.9%, but the variation of the frequency for the TM 010 mode is less than 0.03%. Based on the improved cavity, a new experimental klystron was manufactured and its electric characteristics were tested. The results show that, in the 300 MHz instantaneous bandwidth, the output power, gain, and efficiency have all reached the design requirement. There is any parasitical oscillation in the operational frequency band of the klystron.
